The objective of this study is to make a review of the narrative of coronary artery tortuosity (CAT) approaching several situations in clinical practice where tortuosity can have a relevant role, and also evaluate if tortuosity can be related to the presence of myocardial ischemia in patients without coronary obstruction using scientific evidences in medical literature. Textbook of applied Physiology in Cardiology with study of coronary circulation, theoretical articles with studies of Hemodynamics, Fluid and Mechanical Dynamic, and experimental articles with simulation in computers were used as support to answer this last question.
Introduction

Coronary circulation
There are two basic types of coronary vessels: conductance and resistance vessels. The epicardial arteries, right and left, and its main and major branches that emerge in acute angle of relative large caliber work as vessels of conductance offering in the diastole minimum resistance to the blood flow. The deep perforators that originate in a right angle of the epicardial arteries penetrate deeply in the myocardial walls and nurture sub endocardial layers offering great resistance to the flow mainly in the ventricular systole. They are responsible for the coronary flow autoregulation maintaining it adequately in broad spectrum of the pressure variation and increasing the flow in exercising situations mainly through the local metabolic regulation. Microcirculation is part of the coronary circulation constituted by arterioles and capillaries responsible for regulating the oxygen supply to the myocardium.
The heart is a highly aerobic organ, but it depends almost exclusively on the oxidation of the substrates to generate energy which will move it and has almost no oxygen reserve. It receives about 5% of cardiac output and it is a little perfused organ, but it is the organ that has the highest oxygen extraction of the organism.
Taking into consideration Fick's equation (oxygen consumption = coronary flow X arteriovenous difference of oxygen), we verified that the physiological determinants of the coronary flow are the same that command the demand and consumption of oxygen: blood pressure, heart rate, ventricular wall tension, dP/dt maximum.
According to Poiseuille's law, the flow in any vessel system is directly proportional to the difference of pressure in its extremities, and inversely proportional to the resistance of the system, which is in turn proportional to the length of the tube, viscosity of the fluid and inversely proportional to the fourth power of the radius (most important factor). Influences of vasomotility of the autonomous nervous system, of drugs, mainly of local autoregulation, determine variations in the flow. Due to cyclical pressure and variations and myocardium tension, the coronary flow, in the systole represents from 25% to 30% of the total, and from 70% to 75% in the diastole.
Factors that can affect myocardial consumption of oxygen and consequently the coronary flow can be divided into 3 groups: a) Factors that affect consumption (demand): intraventricular tension, heart rate, myocardial contractile state and electrical activation, and cardiac metabolism. Regardless of extra-coronary factors, the contraction or relaxation of the arteries and arterioles are influenced by muscular, neurovegetative, and humoral factors acting on vessel walls. There are, at least, four main systems: the myogenic control reflects intrinsic property of the vascular muscle to react to pressure distension on the wall vessel (possibly by channels activated by distension), autonomous control with catecholamine, adrenaline, and noradrenaline, endothelial control with major importance of nitric oxide-a potent vasodilator released by mechanical forces of flow friction on the endothelium -and the main -the metabolic control by the partial drop of the pressure of the local oxygen.
Small partial pressure variation of oxygen (decrease) can be sufficient to cause vasodilatation and flow increase, balancing the demand and supply until a new imbalance occurs.
The mechanism of this active dilatation results from a direct effect of hypoxia on coronary artery smooth muscle, and/or the increase of metabolic vasodilators by the effect of hypoxia in the cells, mainly the adenosine.
The concept of the coronary flow reserve is related to the maximum ability of coronary vessels to increase flow in response to myocardial demand and this capacity is 5 times greater in relation to the flow at rest.
When compensation mechanisms are exhausted the process of myocardial ischemia occurs, with metabolic contractility and electrocardiographic changes in the moment that the coronary flow decreases from 40 ml/min. 
Development
Coronary arteries tend to be more tortuous than other arteries and accompany repetitive movements of flexion and relaxation that occur during the cardiac cycle. Intra luminal traction and pressure are two forces that try to stretch the vessel and opposing to this there is the force of retraction that depends basically of elastin. The degeneration of elastin in the coronary wall can occur due to pathological processes or related to old age and lead to aneurysmal dilatations and to tortuosity. 2 Postmortem angiographies of 145 patients without coronary obstruction showed that coronary tortuosity is positively related to age and negatively related to the heart weight in equal importance, and, in a smaller degree, positively to the caliber of the vessel.
Moreover coronary tortuosity is positively related to arterial hypertension and to the female gender, and negatively related to the process of atherosclerosis. 3 In Turkey, in 2013, 148 male patients that underwent coronariography in a period of three months were selected. Exclusion criteria included patients with a history of revascularization surgery or coronary angioplasty. These patients were divided into two groups: with and without coronary tortuosity, and the relation between of tortuosity with coronary obstruction was studied. A negative correlation between the employed tortuosity score and severe obstructive coronary disease was found. It was questioned if coronary tortuosity could represent a genetic geometric factor of protection against obstructive coronary disease or a mechanism of coronary remodeling.
Patients with stable angina and no coronary obstruction, but with coronary tortuosity, present an increased calcium score in relation to those without tortuosity, suggesting an association with subclinical atherosclerosis. A similar finding was found in another study that evaluated patients with retinal arteries tortuosity, and with coronary tortuosity that presented an increase of the mid-intimal thickness in the carotids. In this last study, it was verified an association with females and individuals of short stature. They are more commonly found in the circumflex followed by the anterior descending artery and lastly right coronary. 5 The latter can be described as S or C shaped and the S shape presents less frequent obstructive atherosclerotic disease. 6, 7 A statistical analysis of an angiographic study with 52 patients in which were selected 32 left coronary arteriography with no obstruction, and 35 right coronary arteriography with no obstruction showed that, in the left coronary, tortuosity was larger in its distal portion and, in the right coronary, it was smaller in its middle segment. 
Pathophysiology
Coronary tortuosity leads to coronary flow alterations with reduction of the distal perfusion pressure and, lastly, the appearance of myocardial ischemia. Decomposition of force vectors with great loss of kinetic energy and the presence of curves extend the blood path to the myocardium.
There are two causes for this pressure reduction: friction, due to shear stress that can be calculated by Poiseuille's law (Efr = 32 nlv/d 2 , in which n = absolute blood viscosity; l = artery length; v = velocity; and d = diameter); and the other is the centrifugal effect. The curves lead to extra energy loss largely caused by blood swirling, which occurs due to the change in flow direction in the curve, with separation of the blood flow from the coronary wall in the curve location. Figure 1 shows that in the AB section (part outside the curve) there is an increase in pressure, and, in the CD section (part inside the curve) there is pressure reduction, which creates a swirling area and loss of kinetic energy. 
Studies with computer simulations
Chinese researchers have been delving into this theme. A Chinese study by Yang Li et al. with numeric simulation evaluated the impact of coronary tortuosity on pressure distribution inside coronary circulation.
They idealized 21 models varying in tortuosity angle and quantity, and verified that these two factors influenced pressure loss in coronary circulation, and the greater the severity of the tortuosity (measured by these two factors), the greater the pressure drop, which, in more severe cases, may lead to myocardial ischemia. 9 The impact of coronary tortuosity on coronary circulation was assessed by Xie X et al. 10 through the computational fluid dynamic technique. They selected two models of tortuous anterior descending arteries of different patients, and reconstructed the arteries, in a three-dimensional model, without the presence of tortuosity. After that, simulations of rest and exercise of the models were carried out, in appropriate conditions, and it was verified that tortuosity has a smaller influence on coronary circulation at rest; however, during exercise, tortuosity may represent greater resistance to blood flow, in such a way that compensatory mechanisms of flow adjustment may not be enough to keep an adequate flow and lead to myocardial ischemia.
causing coronary autoregulation to fail. This study also suggests that tortuosity may constitute a risk factor for atherosclerosis, since it can lead to the appearance of a region with low, wavering shear stress in the internal wall of the curve's descent, when the angle of the curve is greater than 120 degrees. 11, 12 Outro estudo recente confirma que a tortuosidade leva a queda da pressão e pode levar a déficit de perfusão.
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Prevalence
A retrospective study from 2009 carried out in West Virginia with 1221 patients, who had undergone catheterization in the previous 8 months, identified 12.45% of patients with coronary tortuosity and showed a higher occurrence in women and lower incidence of obstructive coronary disease, but it did not find predictors of coronary tortuosity among the following conditions: systemic arterial hypertension, diabetes mellitus, advanced age, dyslipidemia, smoking, and family history of obstructive coronary disease. 14 Another retrospective study carried out at the Zhongda Hospital of Southeast University in Nanjing, China, with 1010 patients who had undergone coronarography due to anginal complaints, separated these patients into four groups according to the presence or absence of coronary tortuosity and presence or absence of coronary obstructions, and did a 2 to 4-year follow-up with these patients. The prevalence of tortuosity was 39.1% and was significantly higher in women and in patients with systemic arterial hypertension. It was negatively related to the presence of coronary obstructions. 
Age-related alterations
Among the modifications in coronary circulation that occur with the aging process, are the increase of coronary tortuosity with minimal atherosclerotic lesions, calcification and, 3, 15 at least in animals, 16 an imbalance between the extension of the capillary network and myocyte hypertrophy. Maximum oxygen consumption is progressively reduced. In advanced age rats, it has also been demonstrated a higher deviation angle of secondary branches in relation to the main branch.
Studies with hypertensive individuals
Há forte correlação entre hipertensão arterial e a presença de tortuosidade coronariana. 17 In 1981, Sanchez Torres G. et al. 17 In 1982, Sanchez Torres G. et al. 18 continued to study the presence of myocardial ischemia in hypertensive patients, this time with patients who met the criteria of left ventricular hypertrophy in the electrocardiogram. In a group of 70 patients who all underwent ergometric test, coronarography, and left ventriculography, and 10 patients who also underwent a study with myocardial scintigraphy, describe "corkscrew tortuosity" in coronary angiography (without associated obstructions) in 83.7% of patients and suggest that subendocardial ischemia may be related to the increase of ventricular mass with a lower coronary reserve.
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Relation to ventricular relaxation
An echocardiographic study with 104 patients (50 with coronary tortuosity and 54 without) has shown that coronary tortuosity is related to the worsening of ventricular relaxation 20 evaluated by the decrease of the E/A relation of the transmitral flow, increase of the E-wave deceleration time, increase of isovolumetric relaxation time, and greater thickness of the interventricular septum and of the left ventricular posterior wall.
21
Relation to coronary dissection
A known cause of non-atherosclerotic acute coronary syndrome is the spontaneous dissection of the coronary associated to the presence of fibromuscular dysplasia in non-coronary arteries. A case control study with 246 patients with spontaneous coronary dissection and 313 control patients without coronary obstructions submitted to coronarography showed a significantly higher prevalence of tortuosity in patients who had the first episode of spontaneous dissection (78% vs 17%, p < 0.0001), even though these patients have a low prevalence of arterial hypertension (34%). The recurrence of spontaneous dissection occurred in tortuous segments in 80% of cases. The presence of severe tortuosity was related to a higher risk of spontaneous dissection (RR = 3.29, confidence interval of 0.99 -8.29; p = 0.05). The presence of tortuosity markers, such as multi-arterial symmetrical tortuosity and corkscrew aspect were positively related to the presence of extra-coronary vasculopathy such as fibromuscular dysplasia (p < 0.05).
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Relation to collateral vessels
Coronary tortuosity and vessel diameter can be considered indicative of a coronary artery's occlusion time after acute myocardial infarction, if this vessel originated collaterals to the occluded vessel. Thus, identification of a tortuous artery may suggest that it functions as a collateral channel, and the enlarged vessel caliber suggests how long this channel has been used. This is due to the fact that the increase in length of the vessel that produces the tortuosity is originated from the same mean relaxation stress that induces dilatation as a result of blood flow increase.
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Arterial tortuosity syndrome
Cases of coronary tortuosity during childhood, including cases of early death, have been described in literature and are related to the malformation of the artery wall. They compose a poorly defined systemic syndrome with prolongation of the arteries, tortuosity and thinning of the arterial wall. [24] [25] [26] A case described in 1969 shows a patient who died at 17 months of age due to coronary insufficiency and multiple peripheral pulmonary stenosis. Postmortem exams showed that pathological alterations were restricted to elastic arteries and to the first part of muscular arteries. Aortic and pulmonary artery walls were thinned and with an increase of elastic fibers. Coronary walls were thinned and with a reduction of arterial light. Major muscular artery walls presented thinning of the intima with elastic fibers hyperplasia and degeneration of the internal elastic membrane. 27 Hyperextensibility of the skin, hypermobility of the joints, and elongated facies have been described in some patients, suggesting an alteration in collagen or elastin synthesis. Connective tissue diseases such as Ehlers-Danlos syndrome, Marfan syndrome, cutis laxa, and Menkes disease make a differential diagnsosis with the syndrome. 28 A case of quadruplets, whose parents were blood relatives, with the syndrome, suggests that it is an autosomal recessive disease. 29 
Coronary tortuosity and coronary angioplasty
Coronary tortuosity is a predictor of inaccuracy in the evaluation of a lesion's obstruction degree through angiotomography. [30] [31] [32] Coronary tortuosity is a challenging problem during coronary angioplasty, and it is related to several complications, such as vessel dissection, stent loss, and even acute arterial occlusion. 33 Its presence is also related to a larger quantity of radiation during the procedure, 34 and a difficulty to use adjunct methods in coronary angioplasty, such as intracoronary ultrasound, optical coherence tomography, and fractional flow reserve measurement. It is a predictor of failure in thrombus aspiration during primary angioplasty and recanalization of chronic occlusions.
Adequate preparation of the segment to be treated is also a problem due to the difficulty to advance cutting balloons and rotablator. 35 Several techniques are used to solve this problem, such as the use of more delicate catheters (soft delivery catheters), quick-cross support catheters (e.g. Guideliner), deep guide intubation, and "mother and child" catheter. Specific studies to evaluate catheter performance are carried out by evaluating tortuosity parameters in specific coronary platforms.
Meticulous vessel preparation with pre-dilatation, use of short stents with thinner structures, guidewires with magnetic navigation systems, use of a second guidewire for material progression ("buddy wire technique and "crooked buddy technique"), and use of the "over the wire" [36] [37] [38] [39] [40] [41] system are employed. Once the lesion is overpassed with the guidewire, it may be difficult to recognize the location to implant the stent due to the rectification of the tortuous segment and appearance of phantom lesions -Concertina effect.
42
Relation to myocardial ischemia
Some articles suggest that there is a correlation between coronary tortuosity and the presence of myocardial ischemia in patients without coronary obstructions, although the definition of coronary tortuosity is not the same in every article. Thus, Sova SH and Lebedieva 43 EO demonstrated that 89% of a group of patients with angina pain and coronary tortuosity presented, in non-invasive exams, a correlation of the ischemic area with the irrigation area of the tortuous arterial segment, and that 21.7% of patients who presented coronary tortuosity were individuals whose jobs involved local vibration and industrial noise. Table 1 shows us two of the most important articles on the theme, which used the same definition of coronary tortuosity: one or more coronary with, at least, three consecutive curvatures with an angle < 90° (Figure 2 ).
An Italian team retrospectively reviewed a subgroup of patients from the study SPAM (stress-echo Parma Mestre). In two centers, 400 patients presenting chest pains of probable coronary origin were selected. These patients underwent stress echocardiogram with dipyridamole, and researchers evaluated the degree of contractility of left ventricular walls and myocardial perfusion, and performed a Doppler study of the left coronary flow reserve before patients underwent coronarography.
They then selected 96 patients without coronary obstructions and searched for two findings: myocardial bridge and coronary tortuosity. The patients were divided into two groups: those with perfusion defects in the echocardiogram, called false positive (37 patients), and those without, called true negatives (59 patients). These two groups were compared in relation to clinical and demographic variables and angiographic and echocardiographic characteristics.
A total of 16 patients with coronary tortuosity and six with myocardial bridge were identified. There was no statistically significant difference in clinical and demographic variables between the two groups. The prevalence of myocardial bridge (p < 0.05) and coronary tortuosity (p < 0.001) was seven times higher in the false positive group. These patients also had more angina crises (p < 0.05). 44 The only retrospective study on the theme was done by a Chinese team, and included 48 patients with angina chest pains who underwent myocardial scintigraphy and coronarography, and exclusion criteria included individuals with obstructive coronary disease, myocardial bridge, coronary spasm, coronary fistula, hypertrophic cardiomyopathy, myocarditis, and aortic stenosis.
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The prevalence of coronary tortuosity was 37.5%, and 8.3% of the total were multi-arterial. It was more frequent in women than in men (66.7% vs 35.7%) and, after multiple regression analysis (p = 0.011 and OR = 5.732), 45 it was related to defects visible in myocardial perfusion.
Conclusion
The few existing studies correlated to the presence of coronary tortuosity with myocardial ischemia suggest that more attention should be given to the angiographic aspect of coronary circulation and not only to the degree of obstruction of epicardial coronary arteries.
Proving that coronary tortuosity, by itself, is a cause of myocardial ischemia is of great practical importance, but coronary tortuosity has not been considered a cause of myocardial ischemia. Great value has been given to the degree of coronary obstruction, but other factors, in addition to obstruction, may hinder oxygen supply to the myocardium.
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